In a previous related study on the microstructure and grain size of unpatterned copper films, it was demonstrated that the current density and brightener level had no remnant effect on the final grain size or resistivity of blanket jet electrochemical deposition (JECD) copper films after a high-temperature annealing treatment. 1 These results suggest that, in the absence of any geometrical constraints, grain growth inhibition factors, such as remnant electroplating im purities incorporated in the blanket film after the self-annealing pro cess, can effectively be desorbed from these films with a sufficient thermal budget. In the current investigation, the same experimental methodology was employed to determine if these same electroplat ing variables had any impact on the copper microstructure in the submicrometer Damascene trench features where a high degree of geometrical constraint is imposed.
Copper is coming of age as a replacement for the interconnect metallization material used in integrated circuits due to its lower resistivity and improved electromigration resistance as compared to the aluminum alloys that were used for several decades. Unlike its aluminum counterpart, an additive fabrication process, Damascene processing is used to construct via or trench interconnect metalliza tion structures.
Additive-enhanced electrochemical deposition (ECD) has re ceived the most attention as the method for filling Damascene struc tures due to its high deposition rate, low cost of tool ownership, and the ability to fill high aspect ratio submicrometer Damascene fea tures. JECD is a plating technique that utilizes rapid cathode rotation in conjunction with the impingement of jets of solution to sustain higher current densities and better gap-filling performance than those achieved with conventional ECD methods. 2, 3 Electroplated Damascene copper films are typically deposited in the presence of organic brightening additives that are used in con junction with other organic and inorganic additives to synergistically promote the "bottom up" filling of high aspect ratio interconnect features that are free of defects such as voids and seams. Brighteners are generally organic compounds that contain sulfur and other func tional groups. They function by preventing the formation of copper at preferred locations through enhancing the formation of new nu clei, as opposed to the growth of existing nuclei. 4 Additive-enhanced electroplated films show a remarkable ten dency to recrystallize at room temperature, and the semiconductor industry has coined the term "self-annealing" to describe this pro cess. Room temperature recrystallization has been observed in both continuous films 5 and copper deposited into Damascene trench structures. 6 The activation energy for this process has been reported to be approximately 0.9-1.1 eV, which is consistent with a process controlled by the grain boundary diffusion of Cu. [7] [8] [9] Electrodepos ited films prepared under additive-free conditions or at very low current densities do not exhibit this self-annealing behavior, thus underscoring the importance of additives in this process. 10 The period required for the self-annealing process to occur can take from hours to weeks, depending on process-dependent vari ables such as electroplating current density, brightener concentra tion, film thickness, and level of geometrical constraint. [10] [11] [12] These electroplating variables can lead to different defect densities in the as-deposited films that influence not only the kinetics of the trans formation but also the final grain size and degree of (111) fiber texture. 13 The grain size dependence is related to the degree of im purity incorporation in the grain boundaries after the self-annealing process, which poses limitations to further grain growth. 11, 14, 15 Due to the relatively slow kinetics of the room temperature recrystallization process, some type of high-temperature thermal an nealing treatment is generally used to accelerate the process. [16] [17] [18] [19] [20] [21] In addition to increasing production throughput, thermal annealing of the self-annealed copper microstructure has been reported to have additional material benefits. These include a slight lowering of the final film resistivity to near-bulk values, 20 additional grain growth, 13 and higher CMP removal rates of the copper overburden.
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Experimental
The experimental setup, including the composition of the acid copper sulfate electroplating bath, was the same as that used in the authors' previous study on blanket Cu films. 1 1.3 fm thick Cu films were deposited using the jet-agitation electroplating method and acid copper sulfate chemistry on patterned 200 mm Si wafers with arrays of Damascene trench structures.
Direct current (dc) electroplating of the Cu films was performed with a Jets Technology Jet Electroplating System. This system is designed with a stationary cathode (wafer) and a rotating anode jet assembly (RAJA), which are in close proximity and oriented coaxi ally with respect to one another. As compared to more conventional methods of solution agitation, the jet-electroplating method facili tates improved gap filling and allows the use of significantly higher current densities by decreasing the length of the diffusion layer. 2, 3 The higher current densities, in turn, allow for plating at substan tially higher rates without sacrificing the gap-filling requirements of the copper Damascene process. 2 The wafer samples contain sixty-nine identical 20 mm dice that are patterned with via and trenched regions of varying geometries and pitch densities. The mask layout for each of these sixty-nine dice is shown in Fig. 1 trench structure, which also includes the electroplated copper, is shown in Fig. 2 . 22 In this study, the grain density, which is defined as the number of grains per unit cross-sectional area, and Cu micro structure were analyzed in trench features with line widths of 0.50 and 0.35 fm for each experimental condition. It is important to note that a larger grain density implies a smaller grain size.
The two variables of interest were the brightener activity level and the dc current density used in the electrodeposition process. Three levels, designated as low, medium, and high, were used for each of these two electroplating variables to construct a 3 2 fullfactorial experimental design matrix. Two replications were per formed for each of the nine unique conditions. A summary of these nine conditions can be found in Table I and deposition parameters common to all nine experimental conditions are given in Table II . Upon completion of the deposition matrix, all samples were an nealed in a quartz tube chamber at 400°C for 30 min in a forming gas environment composed of 4% H 2 /96% N 2 .
The current density corresponding to each experimental condi tion was determined by dividing the wafer surface area by the ap plied dc current to the anode. The brightener level was determined from its chemical activity in the acid copper sulfate bath by con- Figure 2 . A cross-sectional view of a typical Damascene trench structure for the wafers used in this investigation. The layer thicknesses for each of the materials in this system are indicated. The electroplated Cu layer was the focus of this study. 22 structing a calibration curve based on the cyclic voltammetric strip ping (CVS) technique. 23, 24 The range of absolute concentrations used to construct the calibration curve was 0.0-2.50 mL/L in incre ments of 0.50 mL/L, requiring a total of six data points. For each analysis, a constant scan rate of 100 mV/s was used between switching potentials of −2.3 and 1.5 V. From these data, an arbitrary chemical activity number, A B , was calculated by normalizing these interpolated anodic peak areas to the area measured from the CVS scan for the brightener-free bath condition.
In order to characterize the grain density and microstructure of the Cu films within the patterned regions, tilt-view focused ion beam (FIB) images were obtained in the 0.35 and 0.50 fm trenches using an FEI 820 Dual-beam FIB-scanning electron microscope (SEM) system. 25 Before such images could be acquired, a rectangular re gion of the Cu film was first coarse-milled down to the Si wafer using a beam current of 2700 pA and then fine-milled at 1000 pA to expose the trenches for imaging. Figure 3 shows a milled rectangu lar region with an array of 0.5 fm trenches exposed for imaging. A beam voltage of 30 kV and a beam current of 5 pA were the pri- mary imaging parameters, with the sample tilted 38° from the wafer surface. Magnifications of 35000 and 50000 times were used to assess the Cu microstructure in both trench sizes. Cross-sectional electron images were also acquired to assess the gap-filling quality within these trench features.
Results and Discussion
Figure 4 illustrates representative FIB images from experimental condition 5 taken at a tilt angle of 52° relative to the surface normal at 35000 times magnification. The large grains in these images il lustrate that the Cu within these fine trench features appears to be fully recrystallized, as there is no evidence of a fine-grained com ponent. The grains in the 0.5 fm lines are observed to be larger than those of the 0.35 fm lines, which is consistent with the observation that grain size within Damascene features decreases linearly with trench width. 26 The occurrence of twinning is observed to be common within these features, especially in the larger grains. There is a tendency for some grains in the overlying copper to propagate into the trench structures during the grain growth process. Jiang et al. observed this behavior in a previous study. 12 Within these features, a variety of grain sizes were found, but occasionally very large grains, which occupied the entire width and a large percentage of the trench crosssectional area, were observed. The semiconductor industry generally refers to this grain structure as a "bamboo" microstructure. The shape, size, and location of some grains suggest that surfaces within the trench can serve as nucleation sites during the recrystallization process.
To better discern the grains within the trench features of the 0.35 and 0.50 fm trenches in this study, additional FIB cross sections were taken at 50000 times magnification. Representative images of grain structure are shown in Fig. 5 . From these images it is apparent that a wide variety of grain structures exist with these features. In some cases, large grains occupy approximately 50-100% of the trench cross-sectional area. In other cases, several small grains oc cupy the trench, with a wide variety of shapes and sizes. Hence, even with a high-temperature annealing treatment, it is not necessar ily true that large grains will occupy all of, or even a significant portion of, the cross-sectional area encompassed by fine trench fea tures. This suggests that other factors, such as the nucleation and growth processes that occur during electrodeposition, can lead to as-deposited structures with different amounts of stored energy. These differences could influence not only the recrystallization ki netics but also the final recrystallized microstructure within fine trench or via structures.
A grain size analysis was performed for all nine experimental conditions on both the 0.35 and 0.50 fm trench features using the tilt-view FIB images taken at 35000 times magnification. In all cases, the same die from each experimental wafer was used. The grains within ten 0.50 fm feature and fourteen 0.35 fm feature trenches were considered for the analysis. Similar to the work of Ritzdorf et al., the grain size was quantified as the grain density, which is the number of grains per unit cross-sectional trench area. lized to calculate the cross-sectional area of each trench and to en hance the image as necessary to detect grains that were difficult to discern. 27 Tables III and IV summarize the results of this analysis for each condition. Figures 6 and 7 are plots of the grain density as a function of current density for each of the three additive levels used in this study, for both the 0.50 fm and 0.35 fm features, respectively. It is emphasized that the grain densities represented are perpendicular and not parallel to the current path. Consequently, no conclusions can be made from these data about the grain size and grain structure parallel to the trenches. Figure 6 shows a tendency for the grain density to decrease with current density after recrystallization in the 0.5-fm trenches but no obvious trend with respect to the additive level. The incongruous data point for experimental condition 8 is probably a consequence of the larger-than-typical cross-sectional trench areas for this condition (0.344 fm 2 ) as compared to the re maining seven conditions (0.295-0.309 fm 2 ) used to calculate the grain density.
To determine the statistical relevance of these trends, analysis of variance (ANOVA) with replication was performed at the 95% con fidence level (a = 0.05) on the entire 0.50 fm data set. 28 The results are presented in tabular form in Table V. Table V shows that the current density, additive level, and their interactions all do not have a significant influence on grain size at the 95% confidence level. A p-value of 0.09 implies significance at the 91% confidence level.
In reviewing Fig. 6 , it was mentioned that condition 8 was gen erally incongruous with the other data shown, which was attributed to the larger trench areas for this condition (Table IV) . To remove the effects of this data point and gain further insights, there are two methods that can be used to circumvent this problem and reanalyze the data. One method is to collapse the analysis into an experimental design in which only the extreme values of current density (15 and 105 mA/cm 2 ) are considered at the three additive levels. Alterna tively, a correction can be made to the cross-sectional area for con dition 8, based on the average value for the remaining eight condi tions. Both methods were considered and the ANOVA results are shown in Tables VI and VII, respectively. With the former method (Table VI) , it is clear that the current density becomes significant at the 95% confidence level. With the latter method (Table VII) , how ever, there is only statistical significance at the 89% confidence level. Based on these modified analyses, it appears that increasing current density has only a minor influence, at best, on the final grain size in the 0.50 fm features. In order to assign a more precise level of confidence, further analysis of condition 8 would be required. Additive level, or the interaction of additive level with current den sity, is shown to exert no significant influence at the 95% confidence with either approach. Figure 7 shows there is a stronger influence exerted by the cur rent density in the 0.35 fm features, as compared to the 0.50 fm features. Furthermore, the trend suggests the additive level might play a minor role with respect to the recrystallized grain size in the low to intermediate current density range. Similar to the 0.50 fm trench results, there is very little difference in the final grain size with respect to additive level at the highest current density level. ANOVA was performed on the entire data set and the results are shown in Table VIII . The results of this analysis reveal that increas ing the current density or decreasing the additive level both have a positive effect on grain size at the 95% confidence level. However, current density is the dominant effect, as its p-value is several orders of magnitude smaller. In reexamining the data trends shown in Fig. 7 , it appears that current density plays a much more dominant role in determining the final grain size in going from 45 to 105 mA/cm 2 . Additive activity appears to exert a significant influence in going from 15 to 45 mA/cm 2 . To further understand these two trends, two separate ANOVA analyses were performed in this regard. The ANOVA analy sis shown in Table IX considers only the 15 and 45 mA/cm 2 current density levels for all three levels of brightening additive activity. Similarly, Table X considers only the 45 and 105 mA/cm 2 current density levels for all three levels of brightening additive activity. These tables show that the trends mentioned above in relation to Fig.  7 both have statistical significance at the 95% confidence level. In comparing the two analyses shown in Tables IX and X, however, the current density is a far more dominant effect.
In summary, the results of this study suggest that within 0.35 fm trenches there is a strong tendency for the grain size to increase with current density over a current density range of 45-105 mA/cm 2 at the 95% confidence level. A similar but weaker tendency is exhibited in the 0.50 fm trenches at approximately the 90% confidence level. Within the current density range of 15-45 mA/cm 2 , increasing the brightener level tends to produce smaller grains in 0.35 fm trenches at the 95% confidence level. The mechanisms underlying these dependencies are unclear at this time, but the following discussion proposes some possible explanations.
Electroplated copper within Damascene trenches does not recrys tallize as readily as the bulk film and a larger thermal budget is required as geometries continue to shrink. 9, 10, 12, 26, 29 Furthermore, annealing conditions are a function of trench line width, and smaller trench sizes generally require more thermal energy to achieve full recrystallization than larger trench sizes. 9 Even in blanket films, self-annealing will not occur when the film thickness becomes less than approximately 0.50 fm. 7, 8, 11 These facts suggest that the abil ity of electroplated films to recrystallize in fine features depends on geometrical factors that limit grain growth, the number of available sites for nucleation, and the amount of energy stored in the asdeposited films. 8 Implied with these tendencies is the possibility of a higher activation energy for recrystallization in these fine features.
In the current study, it has been shown that current density is a significant factor affecting the final grain size in fine Damascene trenches after allowing sufficient time for self-annealing, followed by a high-temperature annealing treatment. In both 0.35 and 0.50 fm features, the higher current densities tend to produce larger final grain sizes. However, this factor has been shown to also be line-width-dependent, in that the effect was far more pronounced for the smaller trench geometry. Considering the available information on copper recrystallization, it is proposed that after the selfannealing process, the small trench features were at best only par tially recrystallized. 9 The 0.50 fm trenches, however, would be ex pected to have exhibited a much larger degree of recrystallization. 9 The high-temperature annealing treatment then completed the recrystallization process within these features and possibly led to some post-recrystallization grain growth. The current density depen dence can be understood by considering that higher current densities generally lead to higher defect densities and lower impurity levels in the as-deposited film. 13, 30 The films deposited at higher current den sities would thus be expected to exhibit faster recrystallization ki netics due to the presence of a higher driving force for recrystalli zation resulting from more stored energy in the film and less graingrowth inhibition from incorporated additives. 7, 13, 14 Alternatively, with geometrical constraints and a limited number of nucleation sites, it is also possible that the ratio of the nucleation to growth rates during the recrystallization process may change as a function of current density within these fine features. Ultimately, either of these events could lead to a larger final grain size and the increased potential for a "bamboo" microstructure with an adequate thermal budget within fine Damascene features. The dependence of grain size on current density in these fine features could be a manifesta tion of a similar phenomenon seen in self-annealed blanket films. The primary differences between the self-annealing of blanket films and the thermal recrystallization in small trench features would be faster kinetics arising from the high-temperature treatment and less opportunity for nucleation and growth due to the imposed geometri cal constraints.
Annealing under high-energy conditions, even after recrystalliza tion, will generally always result in some additional grain growth. However, unlike blanket films, the grain growth in these fine fea tures becomes limited by geometrical constraints. Hence, the addi tional post-recrystallization grain growth arising from the thermal treatment after the self-annealing process in the blanket films did not occur to the same degree in the 0.35 and 0.50 fm features due to the inherent geometrical restrictions on growth. Such restrictions also explain why the 0.50 fm feature size exhibits a somewhat larger final grain size as compared to the 0.35 fm feature size. The results of this study show that increasing the level of geometrical constraint makes the entire system more sensitive to the current density level.
In addition to the current density effect, it also appears that the additive level could become a more significant factor affecting the final grain size in Damascene features as interconnect geometries continue to shrink. It was shown in this study that the additive level had a substantial negative effect on grain size within 0.35 fm trench sizes at both low and intermediate current density levels; a similar effect was not observed in 0.50 fm trenches. If it were assumed that the grains in the trenches were only partially recrystallized prior to the high-temperature annealing process, the microstructure would possess a substantial fine-grained component after one week. 10 These small grains would be expected to have a high defect density, a high grain boundary energy density, and a significant degree of additive incorporation. It would also be expected that the 0.35 fm trenches would be affected more than the larger 0.50 fm trenches. However, as compared to large-grained films, there would be much more grain boundary volume by which the additives could diffuse through the trench volume during the high-temperature treatment.
The overlying large-grained microstructure, however, could pose rate limitations for this process, in that some incorporated additives remain trapped in the trench films after the high-temperature anneal ing treatment. These incorporated additives, in turn, could impose grain growth inhibition by acting as pinning sites at the grain bound aries. With respect to the electroplating variables used in this investi gation, it has been shown that the smallest grain densities, or largest cross-sectional grain sizes, were achieved at the highest current den sity level (105 mA/cm 2 ) for all nine experimental conditions in ei ther trench size. Larger grain sizes would be favored in any manu facturing process; as such, a microstructure would result in faster and more reliable devices. The higher deposition rates associated with the use of high current densities would also be the most tech nologically relevant due to the shorter deposition times. Because the success or failure of any semiconductor metallization process is also predicated on the ability to adequately fill fine features with high aspect ratios (AR), the gap-filling capabilities were also examined for conditions that employed the highest current density level (con ditions 3, 6, and 9).
Representative cross-sectional electron images at 65000 times magnification of the filled 0.50 fm and 0.35 fm trench features are shown in Fig. 8 for experimental conditions 3, 6 , and 9. The images show that no voids or seams exist in any of the 0.50 fm trenches for any of the three conditions. Within the 0.35 fm structures, however, condition 6 illustrates the presence of two distinct crescent-shaped bottom voids (circled), whereas conditions 3 and 9 are defect-free. The shape and location of these voids would generally be associated with the voiding that tends to arise from poor step coverage of the seed layer near the bottom of the trench. The adjacent trench imme diately to the left, however, shows no void defects. Because the trench separation is approximately equal to the trench width, it seems unlikely that the step coverage of the seed layer would be adequate in one trench and poor in an adjacent trench of very close proximity. A previous study has shown that the dewetting or ag glomeration of copper from the underlying barrier material during thermal processing can also lead to voiding at the bottom of Dama scenes trenches, which offers one possible explanation. 31 In sum mary, the gap filling was generally good for the three experimental conditions that employed the highest current density and produced the largest Cu grains, with the exception of the voids found at the base of the 0.35 fm features for experimental condition 6. A more exhaustive investigation would be required to determine the origins of this voiding. 
Conclusions
The recrystallized cross-sectional microstructure within 0.50 and 0.35 fm Damascene trench features was examined for nine unique jet electroplating conditions that varied both the current density and brightening additive levels. To investigate any possible remnant ef fects of current density or brightener level within these trench fea tures, the cross-sectional grain densities (grains/fm 2 ) were ana lyzed within both feature sizes for all nine experimental conditions. Within the 0.5 fm Damascene trenches, it was found that the electroplating current density had a comparatively minor effect on the grain density, whereas the additive level, or the interaction of the additive level with current density, had no significant effect. Increas ing the current density within a range of 15-105 mA/cm 2 resulted in moderately smaller average grain densities, or larger average grain sizes. When considering only the extreme values of current density for all three additive levels, the magnitude of the change was ap proximately 16% and found to be statistically significant.
A grain density analysis within the smaller 0.35 fm features revealed that increasing the current density and decreasing the brightener level had a positive influence on grain size. The current density was found to be the dominant effect and had a much greater influence than that found in the 0.50 fm trenches. When consider ing again only the extreme values of current density, the magnitude of the grain density change ranged between 34 and 47%, depending on the additive level.
Further examination of the 0.35 fm grain density data revealed two distinctly different behaviors with respect to these two electro plating variables. Within a current density range of 15-45 mA/cm 2 , the additive level was found to be the dominant effect in producing larger grain sizes within this feature size. The current density was found to be the dominant effect in producing larger grain sizes within a current density range 45-105 mA/cm 2 . In considering both the 0.35 and 0.50 fm grain density results, it appears that current density, and to a lesser extent additive level, will play a much more dominant role in determining the final grain size in Damascene trenches, as interconnect geometries become smaller in conjunction with increasing aspect ratios. Even without specific knowledge of the mechanisms leading to these dependencies in the trench features, it appears that the level of geometrical constraint, the number of available nucleation sites, the amount of stored en ergy in the microstructure, and the degree of additive incorporation in these interconnect films are factors to be considered.
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